In rare-gas atoms, Auger decay in which an inner-valence shell ns hole is filled is not energetically allowed. However, in the presence of a strong laser field, a new laser-enabled Auger decay channel can open up to increase the double-ionization yield. This process is efficient at high laser intensities, where an ns hole can be filled within a few femtoseconds of its creation. This novel laser-enabled Auger decay process is of fundamental importance for controlling electron dynamics in atoms, molecules, and materials.
Auger decay is an important decay process in highly excited systems, that is, relevant to radiation physics, x-ray spectroscopy, x-ray lasers, and atmospheric chemistry. In Auger decay, absorption of a high-energy photon leads to the ejection of an inner-shell primary photoelectron. The resulting hole is then filled by an electron from an outer shell, with any excess energy carried away by ejecting a second Auger electron.
Advances in laser and x-ray technology now make it possible to create an inner-shell core hole using a femtosecond or attosecond burst of x rays and to observe or manipulate the resultant photoelectron or Auger electron using an ultrafast infrared (IR) laser. Laser-assisted photoemission was first observed in atoms and more recently in solids [1, 2] . It is now used worldwide to characterize x-ray pulses and to capture fast electron dynamics in atoms and materials [3, 4] . In a laser-assisted process, an atom or material is simultaneously irradiated by ultrafast x-ray and laser pulses. Characteristic sidebands appear surrounding the photoemission and Auger peaks, corresponding to simultaneous absorption and emission of laser photons in addition to the x-ray photon. The magnitude and shape of these sidebands change as the time delay between the x-ray and laser pulses is changed, encoding information about the x-ray pulse duration as well as any underlying electron dynamics in the atom or material [5] [6] [7] [8] [9] . However, to date laser-assisted Auger decay represented a means by which an existing Auger decay channel could be modified and exploited. It was not understood that a strong laser field can also turn on and control the Auger decay process itselfwhich is a fundamental decay mechanism for matter exposed to ionizing radiation.
In this Letter we identify through theory and experiment a novel ionization channel that opens up only in the presence of an intense laser field. Experimentally we find that in the presence of a sufficiently intense IR laser and an extreme ultraviolet (XUV) field, the double-ionization yield of Ar is enhanced by 50% compared to the case when the laser pulse arrives after the XUV pulse. Although Ar 2þ can also be produced by sequential and nonsequential absorption of XUV and IR photons (shakeup and shake-off processes), the observed ratio of doubly to singly ionized argon is larger than can be theoretically explained by these processes alone. Therefore, we need to include a new double-ionization pathway: IR laser-enabled Auger decay (LEAD), which is energetically forbidden without the presence of the IR field. Normally in a raregas atom, Auger decay following the creation of an ns hole by an XUV photon is not energetically allowed. However, our theoretical predictions show that the laser-enabled Auger decay rates are even larger than the radiative decay rates for laser intensities above 10 13 W=cm 2 , and thus the inner-valence hole can be filled by the LEAD process on few-femtosecond time scales. This novel decay channel is also quite general, representing a fundamentally new mechanism for generating ions and Auger electrons that must be considered in ultrafast x-ray experiments. It also provides a new route for controlling electron dynamics using ultrafast light fields.
Our experimental setup consists of a high-power (30 W), high repetition rate (10 kHz) 40 fs Ti:sapphire laser system coupled to a COLTRIMS apparatus. Using part of the laser output, high harmonics are generated in Ar gas and then refocused into a separate Ar gas target in the COLTRIMS chamber using a pair of multilayer XUV optics centered at 42 eV. The remaining laser beam is temporally and spatially recombined with the XUV beam in a collinear fashion, and focused onto the target jet at a peak intensity of 10 13 W=cm 2 . Low-order harmonics, up to the 13th order, are also reflected by our multilayer optics (reflectivity % 5%). Because of a higher photoionization cross section at % 20 eV, the Ar þ yield from these lower energy photons (4) 053002-1 Ó 2011 American Physical Society dominates our signal. However, the COLTRIMS technique allows us to observe singly and doubly charged ions in coincidence with electrons, allowing us to distinguish the Ar þ yield originating from different ionization channels. Figure 1 (b) illustrates the possible single-and doubleionization channels in Ar. We consider three cases: the IR pulse precedes the XUV pulse (region I); the two pulses overlap in time (region II); and the IR pulse follows the XUV pulse (region III). Figure 1 (a) shows that the Ar 2þ yield is negligible for region I, while the yield increases dramatically for positive time delays, peaking in region II when the XUV and IR pulses overlap. The enhancement of the Ar 2þ yield in region III is due to field ionization of Ar þÃ and Ar ÃÃ states excited by the XUV pulse, and due to the LEAD process. We note that without the IR pulse the 3p À1 and 3s
À1 highly-excited Ar þ states radiatively decay on a nanosecond time-scale. The most interesting behavior, however, occurs in region II when the XUVand laser pulses overlap in time. The observed enhancement in the Ar 2þ signal strongly suggests that the laser field modifies the mechanism for populating the Ar þÃ =Ar ÃÃ states created after the absorption of a single XUV photon. There are two possible mechanisms for the observed enhanced Ar 2þ yield in region II: first, the laser field can influence the shake-up and IR-ionization sequence by modifying, broadening, and shifting of the Ar þÃ resonances [10, 11] ; and second, the laser field can provide the additional energy required to open up a shake-off channel, which does not occur in region III (where the XUV pulse excites unperturbed Ar þÃ states that are sequentially ionized by the IR pulse).
To investigate the physical origin of the Ar 2þ signal we note that there are four possible ways to create Ar 2þ in the presence of simultaneous IR and XUV (42 eV) fields: (a) IR assisted shake-off and shake-up processes in regions II and III, (b) knockout ionization processes, (c) singlephoton double excitation by the XUV pulse, followed by IR-induced double-ionization, and (d) a new mechanism of IR-enabled Auger decay of an XUV-induced 3s hole.
The double-ionization probability of Ar through channels (a) and (b) depends on the excess energy available above the double-ionization threshold of 43.5 eV in Ar [12] . Field ionization by the IR field provides this excess energy when Ar is exposed to a combined action of XUV and IR fields. Thus, to estimate the expected Ar 2þ =Ar þ ratio from channels (a) and (b), we first calculate the photoelectron yields above and below the doubleionization threshold. Second, we calculate the shake-up and shake-off ionization probabilities from the 3s and 3p orbitals. We do this by solving the time-dependent Schrödinger integral equation [13] by the split-operator method in the energy representation [14] to obtain the above-threshold ionization (ATI) distribution dPðEÞ=dE from both 3s and 3p orbitals. The IR intensity used in the calculation was 5 Â 10 12 W=cm 2 . The detailed numerical method can be found elsewhere [15] . The double-ionization yield depends on the ATI spectra with total energy higher than the double-ionization threshold, according to
where E is the ATI electron energy and E c is the minimum energy needed to open the double-ionization channel. We find that the ATI electrons above the E c threshold contain 30% of the total ATI yield. On the other hand, the total shake-off (including shake-up) probability after removing a 3p or 3s electron can be calculated by using the sudden approximation
wherec 3p and c 3p are the 3p wave functions of Ar and Ar þ calculated by utilizing density functional theory with In region II, the main double-ionization channels are labeled as shake-off and IR-enabled Auger decay. In region I, since Auger decay is not energetically allowed, the XUV pulse creates Ar þÃ and Ar ÃÃ states. These states, respectively, radiatively decay and autoionize, and do not contribute to the Ar 2þ yield. In region III the IR pulse arrives after the XUV pulse, and doubly ionizes the Ar þÃ and Ar ÃÃ states created by the XUV pulse, and opens up the LEAD channel. In region II the IR field enhances the Ar 2þ yield by altering the atom's electronic structure, influencing thus the LEAD, shake-up or shake-off, and other allowed channels.
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053002-2 the self-interaction correction method [16] , while n occ is the number of the valence Ar þ electrons. We find the shake-up or shake-off probability to be P ¼ 4%, after the sudden removal of 3p and 3s electrons. By multiplying this probability with the double-ionization photoelectron yield calculated above, we find that the upper limit for the shakeoff yield is 1.2%. However, the measured fractional Ar 2þ yield shown in Fig. 1(a) peaks at 4% near time zero, which means that channels (c) and (d) must also contribute significantly to double ionization.
In the case of process (c)-single-photon double excitation to Ar ÃÃ by the XUV pulse followed by IR-induced double ionization-the first step of creating Ar ÃÃ has been studied using synchrotron light in the energy range considered here [17, 18] . In the presence of an additional IR field, the XUV-induced Ar ÃÃ states can be promoted into the double-ionization continuum, thus contributing to the total Ar 2þ yield. Because doubly excited states in general autoionize on femtosecond time scales, their signature would be seen as a decay in the Ar 2þ yield at long time delays, as indeed seen in region III of Fig. 1(a) . Calculating exactly how the IR laser influences the creation of doubly excited states in region II still remains a theoretical challenge.
Route (d), which represents a novel IR-enabled Auger decay route for the XUV-induced 3s hole [ Fig. 1(b) ], is also possible. After the creation of a 3s hole with the XUV pulse, the 3p-3s Auger decay is energetically forbidden. However, this double-ionization channel can be opened up in the presence of a sufficiently high IR laser field. In the case of Ar, an Auger-induced 3p electron needs 14.8 eV of extra energy to reach the double-ionization continuum. Assuming that the wave functions of the atomic ion with a subshell hole (N À 1 electron system), the doubly ionized ion core (N À 2 electron system), and the Auger electron are É h ðN À 1Þ, É c ðN À 2Þ, and c a with the corresponding Hamiltonians H h ðN À 1Þ, H c ðN À 2Þ, and h a , respectively, we can write the time evolution of the Auger electron wave function as c a ðr; tÞ ¼ Ài
Here E h and E c are the total energies of the É h ðN À 1Þ and É c ðN À 2Þ states, respectively. To derive the above equation, we assume that the IR laser only affects the Auger electron and that it does not perturb the occupied orbitals in É h ðN À 1Þ and É c ðN À 2Þ. Since the Auger process is a two-electron process, FðrÞ is evaluated as
which does not depend on the IR field. The Hamiltonian of the Auger electron in the IR laser is written as
where V eff ðrÞ is the model potential [19] of the atomic ions, z is the electron coordinate along the IR polarization direction, and EðtÞ is the IR field strength. For Ar, jÉ h ðN À 1Þi can be written as j3s3p 6 2 Si, which can be represented as [20] jÉ
jÉ c ðN À 2Þi is j3s 2 3p 4 1 Si or j3s 2 3p 4 1 Di. The last term in Eq. (6) does not contribute to the LEAD due to conservation of the angular momentum and parity. The final doubly charged ions created by the LEAD can be in the 1 S (the upper limit is 1=15) or 1 D (the upper limit is 1=3) states, limiting the total double-ionization yield to be 40% of the hole population.
By defining a radial function fðrÞ as
where r < (r > ) is the smaller (larger) one of the r and r 1 , and R 3s and R 3p being the radial wave functions of 3s and 3p states, we obtain FðrÞ ¼ [14] . Again, the single electron wave functions of the occupied orbitals in jÉ h ðN À 1Þi and jÉ c ðN À 2Þi are calculated from the density functional theory with the self-interaction correction method [16] .
To speed the convergence of the simulation, we add a temporal window function e À 2 =T 2 in Eq. (3). Thus, after a long propagation time we can expand c a as
where c ðrÞ is the laser-field-free atomic continuum wave function, and is the electron energy [13] . The energy distribution of the emitted electron can be expressed as
and the LEAD rate can be written as
The ffiffiffiffiffiffi ffi 2 p =T term is introduced because we added a temporal window function. If there is no IR laser field present, Eq. (11) reduces to the standard expression for the Auger decay rate. Because of the energy deficiency, the Auger decay rate goes to zero for an inner-valence 3s vacancy of Ar without the presence of the IR field.
Based on the above approach, we can now calculate the LEAD rate in Ar. From Fig. 2 we see that laser intensities of % 10 13 W=cm 2 can indeed open up a new laser-enabled Auger decay channel, with a rate of 4:3 Â 10 À4 fs À1 -which is comparable or even larger than the radiative decay rate of the 3p electron. Thus, the contribution to the Ar 2þ yield from the LEAD channel is comparable to contributions from the shake-off channel, and must therefore contribute to the total Ar 2þ yield.
In conclusion, new ionization pathways are possible when matter is irradiated by intense laser and x-ray fields. In this work, to explain the yield of Ar 2þ ions in the presence of combined IR and XUV fields, we needed to include a new double-ionization pathway: IR laser-enabled Auger decay, which is energetically forbidden without the presence of the IR field. Our theoretical predictions showed that LEAD rates are even larger than the radiative decay rates for laser intensities above 10 13 W=cm 2 , and that the 3s hole can be filled by the LEAD process on few-femtosecond time scales. This novel decay channel is also quite general, representing a fundamentally new mechanism for generating doubly charged ion cores, ionic Rydberg states, and Auger electrons. It also provides a new scheme for controlling electron dynamics in atoms, molecules, and solids using IR fields. 
FIG. 2 (color online)
. Calculated IR laser-enabled Auger decay rates for Ar. At lower laser intensities, the leading decay channels are the 1 S and 1 DðM ¼ 0Þ states. As the IR laser intensity increases, the contribution from the 1 DðM ¼ 0Þ state is larger than that from the 1 S state. Radiative 3p-3s decay is represented by the dashed line.
